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Sulfur in Earth’s Atmosphere 
Alexander	Belousov	
•  Sulfur compounds are found 
throughout Earth’s atmosphere. 
•  SO2 is an important player. 
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Atmospheric Oxidation of SO2 
Traditional SO2 Chemistry 
H2SO4	+	H2O	à	Aerosol	ParNcles	
SO2	+	OH			à		HSO3	
HSO3+	O2		à			HO2	+SO3	
SO2 lifetime in the troposphere is on the order of days 
SO3	+	H2O	à			H2SO4	
H2O	
OCS as a source of high altitude SO2 
•  OCS has a lifetime of about 
500 years in the troposphere. 
Thus, it can make it to the 
stratosphere where it reacts to 
form SO2 at altitudes of 27 to 
30 km	
Molina	et	al.	Geophys.	Res.	Le2.	1981,	8	(9),	1008-1011.	
Brühl et al. , Atmos. Chem. Phys. Discuss., 13, 11395–11425, 2013 
Höpfner et al. , Atmos. Chem. Phys., 13, 10405–10423, 2013 
Molina et al. Geophys. Res. Lett. 1981, 8 (9), 1008-1011. 
 
OCS as a source of high altitude SO2 
OCS + hν (λ≲260nm) à CO + S  
 S + O2 à SO + O  
 S + O3 à SO + O2  
SO + O2 à SO2 +O 
SO + O3 à SO2 +O2 
Krasnopolsky, Icarus 218 (2012) 230–246 
Red Light Photolysis of H2SO4 
Feierabend et al., Chemical Physics Letters, 2006, 420, 438 - 442 
v=0 
v=1 
v=2 
v=3 
v=4 
v=5 
O-H Stretch  
38.5 kcal/mol 
47.2 kcal/mol 
v=6	
H2SO4 + IR/Visible  à H2SO4 (v = 6) à H2O + SO3 
Miller and Gerber, J. Am. Chem. Soc., 2006, 128 (30), pp 9594–9595 
~13 ps 
22% of 
trajectories 
~9 ps 
5% of 
trajectories  
Red Light Photolysis of H2SO4 
SO2 Vertical Profile of Earth 
SO2	Mixing	RaNo	2002-2012		
Höpfner et al. , Atmos. Chem. Phys., 13, 10405–10423, 2013 
What’s the Problem? 
•  Sulfur compounds have 
been observed on a 
number of planetary 
bodies. 
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Venus Earth Mars 
Io Europa Callisto 
•  Sulfur compounds have 
been observed on a 
number of planetary 
bodies. 
•  Venus 
–  Sulfuric acid clouds 50-70 km 
–  Increase in SO2 at 90 km 
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number of planetary 
bodies. 
•  Venus 
–  Sulfuric acid clouds 50-70 km 
–  Increase in SO2 at 90 km 
–  Exceeds model predictions by 
orders of magnitude 
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SO2 in the middle atmosphere 
Mixing	RaNo	(ppmv)	
Al
Nt
ud
e	
(k
m
)	
SO2	
SO	
Belyaev et al. Icarus, Volume 217, Issue 2, 2012, 740 - 751 
	
What’s the Problem? 
•  Sulfur compounds have 
been observed on a 
number of planetary 
bodies. 
•  Venus 
–  Sulfuric acid clouds 50-70 km 
–  Increase in SO2 at 90 km 
–  Exceeds model predictions by 
orders of magnitude 
–  Requires a chemical source of 
SO2 in the middle atmosphere 
–  Conditions similar to Earth 
Stratosphere and Mesosphere 
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What’s the Problem? 
Zhang et al. Icarus, Volume 217, Issue 2, 2012, 714 - 739 
 
• Include Inaccurate UV Cross Sections 
Sulfuric Acid Cross Section 
Models of Venus 
Zhang et al. Icarus, Volume 217, Issue 2, 2012, 714 - 739 
 
• Include Inaccurate UV Cross Sections 
• Include Red Light Photolysis for Sulfuric Acid and Its Monohydrate 
Sulfuric	Acid	Cross	SecNon	
Models of Venus 
Vaida	et	al.,	Science	,	(2003),299	(5612):	1566-1568	
	
“…the calculations show no dissociation into SO3 and water for H2SO4−H2O. In this 
case, the excitation leads to decomposition of the cluster.” Miller and Gerber, J. Am. 
Chem. Soc., 2006, 128 (30), pp 9594–9595 
 
Another Reservoir for SO2? 
Zhang et al. Icarus, Volume 217, Issue 2, 2012, 714–739 
Another Reservoir for SO2? 
Zhang et al. Icarus, Volume 217, Issue 2, 2012, 714–739 
?	
Another Reservoir for SO2? 
Zhang et al. Icarus, Volume 217, Issue 2, 2012, 714–739 
H2SO3	
Voegele	et	al.	(2002)	“About	the	Stability	of	Sulfurous	Acid	and	its	Dimer,”	Chem.	Eur.	J.	8,	24,	5644-5651.	
H2SO3	+	n	H2O	 SO2	+	(n+1)H2O	
Another Reservoir for SO2? 
Acid SO2 + H2O 
Theoretical Work 
72.9 kcal/mol 
0.0 kcal/mol 
SO2 · · ·  H2O  
TS 
34.8 kcal/mol 
5.6 kcal/mol 
SO2 (1A1) + H2O 
H2SO3 
SO2 (3B1) + H2O 
3H2SO3 
71.8 kcal/mol 
78.3 kcal/mol 
CCSD/ 6-311++G(3df,3pd) level of theory	 Donaldson, Kroll, and Vaida, under review
C. Hermans, A.C. Vandaele, and S. Fally, J. Quant. Spectrosc. Radiat. Transfer 110, 756-765 (2009) 
A.C. Vandaele, C. Hermans, and S. Fally, J. Quant. Spectrosc. Radiat. Transfer 110, 2115-2126 (2009) 
 
SO2 UV Spectrum 
3B1	1B1+1A2	
Current Experimental Results 
Donaldson, Kroll, and Vaida, under review 
We use a filtered Xe arc lamp as a light source for UV excitation of SO2. 
Current Experimental Results 
3.000 Torr SO2 
   7.010 Torr H2O 
Silicon 
photodiode 
detector 
Brightline Pro 
Green Dot 
Alignment Laser 
0.891 Torr SO2 
   7.010 Torr H2O 
Low SO2 Experiment  High SO2 Experiment 
Current Experimental Results 
Current Experimental Results 
Donaldson, Kroll, and Vaida in prep 
OH Chemistry? 
Cell pumped on overnight to 
pressures of ~1mtorr 
 
Leak rate <1mtorr/minute 
 
λ≥ 290 nm 
Energies far below what is 
needed to photolyze water 
 
18 MΩ water degassed using 
freeze/pump/thaw cycles.  
OH Chemistry? 
Cyclohexane as an OH scavenger 
OH Chemistry? 
SO2 + Cyclohexane +hν 
Cyclohexane as an OH scavenger 
Kinetics Box Model  
Reaction	 Rate Constant	 Source	
SO2 + hv à 1SO2	 k1= 3.2E-5	 Approximation for our setup	
1SO2 à SO2 + hv	 k2 =2.2E4	 Whitehill, 2012	
1SO2 à 3SO2	 k3=1.5E3	 Whitehill, 2012	
1SO2 + M à SO2 + M	 k4a =1.0E-11 (M=SO2)	 Whitehill, 2012	
1SO2 + M à SO2 + M	 k4b = 2.9E-11 (M≠SO2)	 Whitehill, 2012	
1SO2 + M à 3SO2 + M	 k5a =1.0E-12 (M=SO2)	 Whitehill, 2012	
1SO2 + M à 3SO2 + M	 k5b = 3.0E-11 (M≠SO2)	 Whitehill, 2012	
1SO2 + SO2 à SO3 + SO	 k6 = 4.0E-12	 Whitehill, 2012	
3SO2 à SO2 +hv	 k7 = 1.1E3	 Whitehill, 2012	
3SO2 + M à SO2 + M	 k8a = 1.1E-13 (M=N2)	 Whitehill, 2012	
3SO2 + M à SO2 + M	 k8b = 1.4E-12 *(1-BR)  (M=H2O)	 Sidebottom, 1971	
3SO2 + M à SO2 + M	 k8c = 5.8E-13 (M=SO2)	 Whitehill, 2012	
3SO2 + SO2 à SO3 + SO	 k9 = 7E-14	 Whitehill, 2012	
SO3 +H2O à H2SO4	 k10 = 2.31907576 E-31 * [H2O]2	 Lovejoy, 1996 (T=298K) **Pseudo 
First order with respect to [SO3]	
3SO2 + H2O à H2SO3	 k11=1.4E-12 *BR  	 Sidebottom, 1971	
Whitehill et al, Geochimica Et Cosmoschimica Acta 94, 238-253 (2012) 
Lovejoy, E. R.; Hanson, D. R.; Huey, L. G., J. Phys. Chem. 1996, 100 (51), 19911-19916. 
Sidebottom et al. . K. Environmental Science & Technology 1972, 6 (1), 72-79. 
 
Donaldson, Kroll, and Vaida, under review 
Results of Box Model 
Assuming	the	branching	raNo	
for	sulfurous	acid	formaNon	is	
100%	
	
Under	our	experimental	
condiNons	Sulfurous	acid	
formaNon	is	the	dominant	
product.	
	
And	thus	it	is	likely	that	the	
observed	major	source	for	new	
parNcle	formaNon	is	H2SO3.		
Donaldson, Kroll, and Vaida, under review 
Results of Box Model 
For lower SO2 concentration experiments the branching ratio for Sulfurous 
acid formation vs. collisional deactivation of 3SO2 does not need to be large 
to have H2SO3 formation significantly out compete H2SO4 formation.  
Donaldson, Kroll, and Vaida, under review 
Future work 
iHR550	
Spectrometer	
with	UV	
SensiNzed	CCD	
Filtered	UV	Lamp	
Lamp	
• Measure rate of SO2 loss in cell using UV absorption spectroscopy.  
• Determine branching ratio for reaction to form sulfurous acid vs. 
collisional deactivation 
Future work 
• Measure kinetics and products of UV induced photochemistry of 
SO2 using infrared spectroscopic techniques 
Bruker		IFS	
66v/s	FTIR	
MCT	Detector	
	
450	W	
Xe	arc	
lamp	
Future work 
• Measure kinetics and products of UV induced photochemistry of 
SO2 using infrared spectroscopic techniques 
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